Varying, limiting numbers of unseparated or purified cells (Ly-5.1). either from 14.5-day-old fetal liver (FL) or from adult bone marrow (BM) were coinjected with I O 5 unseparated BM cells (Ly-5.2) into lethally irradiated adult C57B1/6 recipients (Ly-5.2). The kinetics of donor cell repopulation of the lymphoid and myeloid compartments by Ly-5.1' donor hematopoietic stem cells (ie, competitive repopulation units [CRUI) were monitored at various time points after the transplantation by Ly-5 analysis of the peripheral white blood cells (WBC). Recipients that had received on average less than 2 adult BM or FL CRU did not show a significant difference in the level of donor-reconstitution when analyzed 4 weeks after the transplantation. However, at 8 and 16 weeks, the FL recipients showed a significantly higher percentage of donor-derived nucleated peripheral blood cells than did the recipients of adult BM cells. Analysis of individual mice showed that approximately 80% of the recipients of FL CRU showed an increase in mature WBC output be-T APPROXIMATELY 7 days of murine embryologic A development, some mesenchymal cells in the yolk sac (YS) transform into endothelial cells, later forming the network of blood vessels, and others develop into recognizable hematopoietic cells to form the YS blood islands.',' Shortly thereafter, other progenitors, including B-cell and T-cell precursors and myeloid cells (colony-forming unit-cells [CFU-C] and colony-forming unit-spleen [CFU-SI) can also be shown in the YS.*-' Because the YS is the first detectable site of hematopoiesis, it is believed that hematopoietic cells with stem cell activity, ie, capable of producing cells from all lineages as well as producing cells identical to themselves, ie, self-renewal, are generated in the YS.' The presence of such cells with the ability to repopulate adult mice and sustain hematopoiesis for many months has been shown in the YS as early as 8 to 9 days postcoitus, but at extreme low frequencie~,~,~ which may explain why they had not been previously detected."," Subsequently, the number of hematopoietic stem cells (HSCs) in the YS decreases and at the same time early progenitors cells begin to be detectable 0006-4971/96/8708-0043$3.00/0 tween 4 and 8 weeks after transplantation, whereas this occurred in less than 40% in the recipients of adult BM cells. In addition to this efFect on mature cell output, the cellularity of the reconstituted BM was significantly higher in recipients of FL CRU than in recipients of adult BM CRU, even at 7 t o 9 months after transplantation, which is consistent with an increased clonal expansion of FL CRU. When marrow cells from primary recipients of FL CRU were injected into secondary recipients, a significantly higher percentage of these mice showed donor-reconstitution of their lymphoid and myeloid compartments ( P < .01) and t o a greater extent ( P < ,008) as compared with mice that had received marrow cells from primary recipients of similar numbers of adult BM CRU. Taken together, these results show that individual FL CRU exhibit a greater proliferative activity in vivo than similar cells from adult BM that is accompanied by a greater production of daughter CRU.
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in the fetal liver (FL). Until recently, it was thought that the FL was colonized exclusively by cells from the YS: although it has now become clear that substantial numbers of CFU-S and other primitive hematopoietic cell types appear in the aorta-gonad-mesonephros (AGM) region of the embryo proper, even before the FL becomes hematopoietically active.'."
During embryologic development, the absolute number of all hematopoietic cell types, including HSCs, increases dramatically to keep pace with fetal growth and to generate the hematopoietic system of the adult. In addition to these quantitative changes, the primitive cells undergo qualitative changes in their properties. Most recently, this has been shown for the restricted type of B and T cells generated from early FL cell p r e c~r s o r s , '~, '~ as has been previously well established for fetal erythropoiesis.' In addition, it is well known that FL cells can be passaged more times than adult bone marrow (BM) cells after the transplantation of equivalent numbers of cells (and CFu-S),l,ls although this phenomenon has never been analyzed at a clonal level. With the availability of a procedure for following the progeny of limiting numbers of transplanted long-term repopulating stem cells, by the analysis of Ly-5 allotype on peripheral blood cells," when cotransplanted with 2 X IO5 twice serially transplanted" or 10' normal adult BM cells," it has become possible to undertake such a study. While developing purification methods for fetal and adult HSCs,"." we observed that peripheral blood cells produced by transplanted FL HSCs were more readily detectable than the progeny of adult BM HSCs. This observation prompted us to combine all the data gathered from the different repopulation experiments described in formerly publi~hed".'~ and unpublished studies and to perform an analysis on the hematopoietic reconstitution kinetics of adult BM HSCs in comparison to that of FL HSCs. The analysis presented here shows that the number of hematopoietic progeny produced on average per competitive repopulating unit (CRU) of FL as compared with adult BM origin was higher in such posttransplant recipients and included a larger number of daughter CRU detectable in secondary recipients. reconstitution was determined 4, 8, and 16 weeks after the transplantation.
In some experiments, BM cells isolated from both femurs and tibiae from individual primary recipients were transplanted into secondary irradiated recipients. Because the cell content of a tibia is approximately 0.6 that of a femur," such suspensions were assumed to contain the progenitor content of 3.2 femurs. The cell equivalent of one-fifth of a femur was injected into 5 or 6 recipients and donor-derived hematopoietic reconstitution was then determined 10 and 20 weeks later.
The Student's r-test analysis was used for the comparison of primary recipients of FL cells with their adult BM counterparts, with respect both to the mean percentage of donorderived nucleated peripheral blood cells (at each of the 3 time points of analysis) and the mean BM cellularity, as well as for the comparison of secondary recipients of BM from primary adult BM recipients To reduce the contribution of intrinsic clonal variation to the analysis of potential differences between FL and adult BM CRU, a comparison was made of the number of animals in which there was an increase in donor-derived repopulation over time when each was tracked individually. The results of this analysis are shown in Table 3 . The most dramatic difference was then found to occur between 4 and 8 weeks after the transplantation, with both the number of animals that displayed an increase in percentage donor-repopulation (-80%) and the extent of the increase (up to 63%) being greater in recipients of FL CRU. In contrast, in recipients that had a small chance of receiving greater than 1 adult BM CRU (groups lA, P = .04; groups 2A, P = .18), only 38% and 15%, respectively, showed an increase, which did not exceed 23% in any given recipient. Even in groups 3A and 4A, in which the chance of having received greater than 1 CRU was 0.46 and 0.85, the percentage of animals that showed an increase in donor-derived reconstitution was only 29% and 57%, respectively. Overall, only -35% of recipients of adult BM cells showed an increase in donor-derived reconstitution after 4 weeks, as compared with -80% of recipients of FL cells.
Cell counts of BM samples from primary recipients also showed that there was a significantly (up to 2-fold) higher BM cellularity in the recipients of a FL CRU than in the recipients of an adult BM CRU (results not shown). From these observations it was concluded that the transplantation Donor-reconstitution of secondary recipients of BM from primary recipients of adult BM or FL transplants. To investigate whether transplanted FL CRU, after establishing a steady-state hematopoiesis in primary recipients (>6 months after the transplantation**), would continue to show a higher proliferative potential upon transplantation of their progeny in secondary recipients, primary recipients from each group were selected at random and their BM cells analyzed as described in the Materials and Methods. The extent of repopulation of the secondary recipients by cells from the original FL or BM CRU transplanted into the primary recipients that was identified by anti-Ly-5.1 staining 20 weeks after the secondary transplants were performed is shown in Table 4 . A few of the secondary recipients with greater than 1% Ly-5.1+ peripheral blood cells were not scored as positive because the donor-reconstitution was restricted to the lymphoid compartment. Most likely these cells represent long-lived B and T ~e l l s , '~~~~ a population of cells that becomes more noticeable when large numbers of donor-cells are injected. The outcome, ie, groups with no positive mice or groups with any positive mice, after the transplantation of BM from primary FL recipients was found to be significantly different from that after the transplantation of BM from adult BM primary recipients ( P < .01).
All except 2 of the groups of mice that received BM from primary recipients of FL showed detectable levels of multilineage reconstitution by cells of FL origin, whereas only 4 of 12 groups of mice injected with BM cells from primary recipients of adult BM CRU showed further transfer of CRU activity. Of the 4 positive groups of secondary recipients that were transplanted with BM from a primary recipient of adult BM cells, only 2 showed comparable levels of Ly-5.1' nucleated peripheral blood cells to the secondary recipients of previously transplanted FL cells. Statistical analysis showed that there was a significant difference in the level of Ly-5.1' reconstitution in secondary recipients between the groups of serially transplanted Ly-5.1+ FL cells and such adult BM cells ( P < .008). However, a relationship between the proportion Ly-5.1t cells in the primary recipient and that of the secondary recipient could not be shown in either group. Interestingly, compared with the analysis performed at week 10,71% of the repopulated secondary recipients of Ly-5.1' FL cells showed a decline in Ly-5. 1' hematopoietic reconstitution at week 20, whereas only 37% of the adult BM secondary recipients did so (data not shown).
DISCUSSION
The results of many previous studies suggest that hematopoietic stem cell recruitment in vivo depends on the interplay of a number of variable parameters, some of which are intrinsic to the stem cell itself, as well as others that represent changes in the microenvironment to which the stem cell is Values shown are the mean f SEM. * A t certain time points of analysis the difference in the percentage of donor-derived nucleated peripheral blood cells in groups of recipients t P < .02. * P < .01. § P < .002.
P < ,001.
of adult E M transplants was compared with their FL counterpart, significantly lower.
exposed. Because suitable assays for measuring the behavior of individual stem cells with long-term in vivo repopulating potential were not available until relatively r e~e n t l y ,~~.~~ not much is known about the nature of any of these parameters. In the present study, we measured the number of mature In the present studies, we noted that the differences in the level of donor-derived repopulation by FL CRU and adult BM CRU decreased when the numbers of CRU transplanted into the recipient was increased (ie, compare in Tables 1 and  2 , groups 1 and 4 with l a and 4a, respectively).
Serial transplantation of adult BM cells have shown that the repopulating ability of the stem cells present in the original input population is reduced to undetectable levels within 4 to 6 and even faster when the number of stem cells initially transplanted is 10w.36-39 In the present study, when transplants containing less than 3 CRU from adult BM were subjected to 2 rounds of transplantation, only occasional cells with long-term reconstituting ability could be detected in the cells transferred from the primary to the , tion 16 weeks in the different after the groups transplanta-of animals, as characterized in Table  1 for recipients of FL transplants and in Table 2 By using a standard dose of one-fifth of a femur, secondary recipients of BM from primary recipients of adult BM cells received fourfold to fivefold less cells than secondary recipients of similarly treated FL cells (resulting from a BM cellularity that was on average 1.8-fold lower combined with a 2-to 3-fold lower percentage of Ly-5.1+ cells). However, if cellularity alone was responsible for the observed differences, one would still expect to see a few "positive" animals in groups of secondary recipients of marrow from previously transplanted adult BM CRU. Additional evidence that a dif- The primary recipients were taken from a group of animals that had received on average the indicated number of CRU, which was calculated as described in the Materials and Methods. -_ --_ -_ _ -_ -ference in the number of transplanted cells is not the only explanation for the observations is provided by the finding that only 1 of 4 recipients showed multilineage repopulation (8.6% Ly-5.1+ cells) upon transplantation with fivefold the usual cell number (ie, equal of 1 femur) of BM from primary recipients that were previously transplanted with adult BM CRU. In both the FL and adult BM primary recipients, the extent of donor-derived repopulation was not predictable for the hematopoietic contribution by the original input population in the secondary recipients ( Table 4) . This is comparable to previous observations that showed no correlation between self-renewal capacity and the size of the primary colony (CFU-C and CFU-S40A').
The results of this study clearly show an intrinsic difference between FL and adult BM cells that meet the definition of CRU and suggest potential heterogeneity within this compartment that may require more stringent criteria to show. An attractive explanation for the differences observed would be that FL CRU have a higher intrinsically determined probability to undergo self-renewal divisions upon being stimulated to proliferate in an adult BM microenvironment. However, potential differences in cell cycle times or the number of stem cells recruited or maintained could also contribute to the differences seen. In this regard, it is interesting to note that Sca-1 +Lin-""Thy- Unraveling the underlying mechanisms of the differences displayed by adult BM and FL HSCs in long-term reconstituting properties may elucidate important regulatory mechanisms involved in self-renewal versus differentiation. Irrespective of the nature of these regulatory mechanisms, this study shows the possible therapeutic advantages, in addition to the immaturity of immune-reactive cells, of using FL cells as a source of hematopoietic FL cells may be especially attractive for stem cell-based gene therapy strategies, because it has also been shown that the stem cellcontaining population in the F X contains twice as many cells in the S/G2/M phase as the phenotypically similar population in adult BM. 42 To exploit the potential of fetal stem cells for transplantation it will be important to establish procedures that will enhance their engraftment.
